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Edited by Richard CogdellAbstract The accuracy and the ﬁdelity of a single-molecule
force measurement largely rely on how the molecule of interest
is attached to the solid substrate surface (bead, cantilever, cover
glass and etc.). A site-speciﬁc attachment of a protein without
aﬀecting its structure and enzymatic function has been a major
concern. Here, we established a glutathione-coupled cantilever
to which any glutathione S-transferase (GST)-fused proteins
can be attached in a desired direction. The rupture force between
glutathione and GST was 100 pN on average. By using this
cantilever, we succeeded in measuring the interaction force be-
tween importin a and importin b.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
Keywords: Scanning probe microscope; Single-molecule force
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Atomic force microscopy (AFM) has been utilized to ob-
serve nano-scale structures of a variety of biomolecules and
cellular structures (for review [1–7]). The device has also been
used to measure forces governing various inter- and intra-
molecular interactions. Recently, various chemical modiﬁca-
tions of the AFM cantilever have been developed and a wide
variety of applications of the force measurement have become
available [8–11].
When a protein is coupled to the cantilever covalently or
non-covalently, the coupling strategy is one of the most impor-
tant factors that determine the quality of the experiment. Espe-
cially, when a chemical modiﬁcation of the protein is necessary
for its tethering to the cantilever (for example, biotinylation or
covalent cross linking), it should be conﬁrmed that such a
modiﬁcation does not aﬀect the protein function. If such a
modiﬁcation is, by chance, introduced into a catalytic center
of an enzyme or the region involved in the interaction with
other molecules, it may abolish or alter the enzymatic function.Abbreviations: AFM, atomic force microscope; APTES, 3-amin-
opropyltriethoxysilane; SATP, N-succinimidyl S-acetylthiopropionate;
PBS, phosphate buﬀered saline; NHS, N-hydroxysuccinimide; GST,
glutathione S-transferase; DTT, dithiothreitol
*Corresponding author. Fax: +81 75 753 7906.
E-mail address: yoshimura@lif.kyoto-u.ac.jp (S.H. Yoshimura).
0014-5793/$32.00  2006 Published by Elsevier B.V. on behalf of the Feder
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has been an extremely diﬃcult task to examine the eﬀect of
such a chemical modiﬁcation, because, in most cases, a protein
contains multiple possible modiﬁcation sites (amino group,
thiol group or carboxyl group), and the modiﬁcation randomly
occurs at one of these possible sites.
The random tethering of the protein to the cantilever raises
another problem. When the interaction between two molecules
is examined by applying external force (one is on the substrate
and the other is on the cantilever), the orientation of the mol-
ecules along the pulling axis may aﬀect the dynamic properties
of the interaction. Thus, when a cantilever carries protein mol-
ecules with diﬀerent tethering orientations, each pulling event
might reﬂect the unbinding event with diﬀerent molecular ori-
entations. To avoid such an uncertainty and complexity, a po-
sition-speciﬁc protein coupling method is desired.
In this study, we established a novel method of protein cou-
pling to the cantilever in an orientation-speciﬁc manner by uti-
lizing glutathione S-transferase (GST) fusion protein. GST is
one of the most widely-used fusion partners for the aﬃnity
protein puriﬁcation [12]. Since GST speciﬁcally binds to gluta-
thione with high aﬃnity, any GST-fusion proteins can be eas-
ily puriﬁed by glutathione-coupled beads. Here, we established
the method to covalently couple glutathione to the AFM can-
tilever via a PEG spacer and to trap any GST-fusion proteins
to this glutathione-coupled cantilever. By using this method,
the unbinding force between importin a and importin b was
successfully measured.2. Materials and methods
2.1. Expression and puriﬁcation of GST and GST-fusion proteins
Plasmids encoding GST-importin a and GST-importin b were kind
gifts from Dr. Yoneda in Osaka University. Bacterial cells (BL21) har-
boring the plasmid was cultured in LB medium and the expression of
the protein was induced by IPTG (ﬁnal concentration of 1 mM) at
25 C for 6 h. The cells were harvested, resuspended in a buﬀer
(50 mM Tris–HCl, pH 8.3, 500 mM NaCl, 1 mM EDTA–Na, 2 mM
dithiothreitol (DTT), 0.2 mM phenylmethylsulfonylﬂuoride) and soni-
cated on ice for total 60 s. After removing the cell debris by centrifuga-
tion, the supernatant was passed through Glutathione-Sepharose 4B
column (GE Healthcare). For GST-importin a fusion protein, impor-
tin a was cleaved oﬀ from the GST moiety by PreScision protease
(GE Healthcare) by following the manufacture’s protocol. For GST
and GST-importin b, the bound protein was eluted with 50 mM gluta-
thione in elution buﬀer (100 mM Tris–HCl, pH 8.3, 100 mM NaCl,
1 mM EDTA, 2 mM DTT). The puriﬁed proteins were dialyzed
against a buﬀer containing 20 mM HEPES (pH 7.3), 110 mM
CH3COOK, 2 mM (CH3COO)2Mg, 5 mM CH3COONa, 0.5 mM
EGTA (pH 7.3) and 2 mM DTT.ation of European Biochemical Societies.
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AFM cantilever made of silicon nitride, OMCL-TR400PSA (Olym-
pus Co. Ltd.), was treated with 3-aminopropyltriethoxysilane
(APTES) (Sigma) and incubated with heterobifunctional cross linker
(5 mg/ml maleimide-dPEG12-NHS ester (Quanta BioDesign Ltd.))
which was dissolved in chloroform containing 0.7% triethylamine for
2 h at room temperature. The PEG-modiﬁed cantilever was then incu-
bated with 10 mM glutathione in phosphate buﬀered saline (PBS, pH
7.2) for 1 h at room temperature. The unreacted maleimide groups
were blocked by free cystein (1 mM in PBS, pH 7.2). For the measure-
ment of protein–protein interaction, glutathione-coupled cantilever
was immersed in the solution of GST or GST-importin b for 1 h at
4 C, washed with PBS and immediately used in the experiment.
2.3. Covalent attachment of protein to a glass surface
Puriﬁed GST or importin a (60 lM) was mixed with N-succinim-
idyl S-acetylthiopropionate (SATP) (ﬁnal concentration; 500 lM in
PBS) and incubated for 30 min at room temperature. The mixture
was then passed through PD-10 Column (GE Healthcare) to remove
free SATP. The eluted fraction was mixed with PBS containing
500 mM hydroxylamine and 25 mM EDTA (pH 7.4), and incubated
for 2 h at room temperature. A clean cover glass (18 mm · 18 mm)
was functionalized with amino group by Amino Coat Kit (Nippon
Sheet Glass) by following the manufacturer’s protocol. m-male-
imidobenzoyl-N-hydoxysuccinimide ester (Nacalai tesque) (1 mM in
PBS, pH 7.5) was dropped on the amino-coated cover glass and incu-
bated for 30 min at room temperature. After washing by PBS (pH 7.2),
the SATP-treated protein was dropped on the amino-coated cover
glass and incubated for 30 min at room temperature. The cover glass
was washed with PBS (pH 7.5) and immediately used in the experi-
ment.Fig. 1. Schematic illustration of covalent coupling of glutathione to an
AFM cantilever. The cantilever made of silicon nitride was amino-
functionalized by APTES. A hetero-bifunctional PEG linker with
NHS at one end and maleimide group at the other end was incubated
with the functionalized cantilever. Glutathione was then reacted with
PEG-coupled cantilever to covalently attach glutathione to the end of
PEG.2.4. Force measurement
Force measurement was performed with Molecular Force Probe 3D
(MFP-3D; Asylum Research). The modiﬁed cantilever with a spring
constant of 0.02 N/m was routinely used. The actual spring constant
of each cantilever was determined by thermal method [13]. The force
measurement was performed in PBS (pH 7.5). The loading rate was
2000 pN/s and the trigger channel was set for 20 nm. The obtained
data was analyzed by the software accompanying with the AFM imag-
ing module (Asylum Research).3. Results
3.1. Attachment of glutathione to the AFM cantilever
Glutathione contains a cystein residue in the middle of the
tri-peptide (NH2-Gln-Cys-Gly-COOH). We decided to use this
reactive group to attach glutathione to an AFM cantilever.
Since this thiol-mediated coupling has also been used in com-
mercially available glutathione beads (Glutathione-Sepharose
4B, GE Healthcare), it does not hinder the binding of GST.
To avoid the steric hindrance from the cantilever surface and
to confer enough ﬂexibility, a PEG linker (dPEG12) was in-
serted between glutathione and the cantilever surface. An ami-
no-functionalized cantilever made of silicon nitride was
incubated with NHS-PEG12-maleimide and then with gluta-
thione (Fig. 1) (for the detail procedure, see Section 2).
The rupture force between glutathione and GST was mea-
sured by AFM. GST was expressed in bacteria, bound to Glu-
tathione-Sepharose 4B beads, eluted with 50 mM glutathione,
and then dialyzed against a glutathione-free buﬀer. This dia-
lyzed GST was able to re-bind to the glutathione-beads with
more than 90% eﬃciency. The puriﬁed GST was covalently at-
tached to a glass surface to avoid the detachment from the sur-
face during the force measurement. Fig. 2 shows a typical
force-extension curve of the glutathione–GST interaction.
The extension curve well ﬁts to the worm-like-chain modelof the PEG molecule [14]. The interaction between glutathione
and GST was ruptured at around 100 pN. The statistical anal-
ysis revealed that there are two peaks in the histogram of the
rupture force. The mean value of each peak is
105.9 ± 13.8 pN (mean ± S.D., n = 10) and 176.7 ± 20.1 pN
(n = 6) (Fig. 2b). The larger one is supposed to be a double-
tethering and 100 pN is the rupture force for the single glu-
tathione–GST interaction. An addition of free glutathione in
the measurement solution completely abolished the interac-
tion, indicating that this 100 pN force is speciﬁc to the gluta-
thione–GST interaction.
3.2. Measuring the force between importin a and importin b
We then applied the glutathione-coupled cantilever for the
force measurement of protein–protein interaction. Importin a
and importin b have been known to interact with each other
and play an important role in the protein transport from the
cytoplasm to the nucleoplasm [15,16]. The amino-terminal do-
main of importin a directly binds to the carboxyl terminal do-
main of importin b [17–19]. To avoid a steric eﬀect, GST was
fused to the amino-terminus of importin b and this fusion pro-
tein was attached to the glutathione-coupled cantilever. Impor-
tin a was also expressed as a GST-fusion protein in bacteria
and attached to the glass surface after separated from the

























Fig. 2. Force measurement between glutathione and GST. The force
between glutathione on the cantilever and GST on the glass substrate
was measured by AFM. (a) A typical single-molecule force curve. The
force was plotted against the piezo position. The force-extension curve
of this measurement was shown in inset. (b) The histogram of the
rupture force obtained in the force measurement.
Fig. 3. Force measurement between importin a and importin b.
Puriﬁed GST–importin b was attached to the glutathione-coupled
cantilever and puriﬁed importin a was covalently attached to a glass
surface. The force between importin a and importin b was measured by
AFM. (a) A typical single-molecule force curve. The force was plotted
against the piezo position. The force-extension curve of this measure-
ment was shown in inset. (b) The histogram of the rupture force
obtained in the force measurement.
S.H. Yoshimura et al. / FEBS Letters 580 (2006) 3961–3965 3963A typical force-extension curve was shown in Fig. 3a. As is
the case for the glutathione–GST interaction, a stretching of
the PEG linker was observed before the interaction was rup-
tured. The averaged rupture force was 43.92 ± 10.4 pN
(mean ± S.D., n = 28) (Fig. 3b), much smaller than that of
the glutathione–GST interaction, indicating that the GST–glu-
tathione interaction was tight enough. The same experiment
was performed with the glutathione-coupled cantilever without
GST–importin b. However, no speciﬁc interaction was de-
tected between glutathione and importin a.4. Discussion
In this study, we demonstrated that the glutathione-coupled
cantilever is a useful tool to attach the protein of interest to the
AFM cantilever as a GST fusion protein and can be used for
the single-molecule force measurement by AFM. The major
advantage is that once the function of the GST-fused protein
is conﬁrmed by in vitro bulk assay, it is expected to have the
same activity after attached to the cantilever, because no addi-
tional modiﬁcation is required for the attachment. This tech-
nique can complement the NTA-coupled cantilever for
attaching hexahistidine-tagged (Hisx6-tagged) proteins [6,10],since some proteins are diﬃcult to be expressed and puriﬁed
as Hisx6-tagged proteins.
The site-speciﬁc attachment of proteins to the solid substrate
surface has been achieved by several methods [11,20]. One
method is to introduce cystein residue(s) at the desired posi-
tion(s) of the polypeptide (normally, at amino and carboxyl
termini), after removing all intrinsic cystein residues by site-di-
rected mutagenesis. Then, a gold-coated cantilever or thiol-
reactive group (maleimide) is used to make a covalent bond
with the cystein side chain [20]. Unfortunately, this method
has been applicable to a limited number of proteins, since
mutating cystein residues is very time consuming and some-
times abolishes the enzymatic function. Another method is to
use site speciﬁc antibodies. However, this is also depending
on the availability of such an antibody and has a limited appli-
cability [11]. Biotin–avidin interaction is also widely used to at-
tach proteins and DNA to the solid substrate surface.
However, when biotinylation reagent such as NHS–biotin is
used, any lysine residues will be attacked randomly by N-
hydroxysuccinimide (NHS). Although the site speciﬁc biotinyl-
ation can be achieved by constructing the fusion protein with a
biotin binding domain of BCCP (biotin carboxyl carrier pro-
tein) [21–24], this approach is not as popular as GST-fusion
protein in molecular biology.
The rupture forces of various biomolecules frequently used
in the single-molecule force measurement were summarized in
Table 1
The unbinding force of various intermolecular and intramolecular interactions
Interacting molecules Rupture force @ loading rate References
Conventional tags
Bi–avidin 50–270 pN @ 1000 pN/s [31–34]
Bi–streptavidin 75–200 @ 1000 pN/s [31–33]
Ni–NTA-His6 22–500 pN @ 1000 pN/s [10,35,36]
Antibody–antigen 20–100 pN @ 1000 pN/s [37–39]
Others
Selectin-PSGL 1 20–50 pN @ 1000 pN/s [40,41]
Cadherin–cadherin 30–60 pN @ 1000 pN/s [42–44]
gp120-CD4 50–60 pN @ 1000 pN/s [45]
Kinesin-microtubule 6–15 pN @ 3.5–60 pN/s [46,47]
Separation of DNA base pairing 65–70 pN [48,49]
Unfolding of RNA secondary structures 10–20 pN @ 1–10 pN/s [50,51]
E. coli RNA polymerase stalling 25 pN [52]
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between glutathione and GST was 100 pN, which is compa-
rable to that of the biotin–avidin interaction and much larger
than the antibody–antigen interactions. The rupture forces of
most of the protein–protein interaction range from 20 to
150 pN at the loading rate below 1000 pN/s. Thus, the gluta-
thione-coupled cantilever can be used in the force measure-
ment of a wide variety of protein–protein interactions. The
rupture force of hexahistidine and Ni–NTA varies from 20
to 500 pN depending on the experimental system. One of
the advantages of using GST over Hisx6 tag is its stability
in wider range of pH (pH 5.5–8.0); the interaction between
Hisx6 tag and Ni–NTA changes depending on pH of the
solution.
GST has been known to function as a dimer with each
monomer carrying a binding site for glutathione. It has pre-
viously been demonstrated that the dissociation of the dimer
into the monomers is coupled with the unfolding of the
polypeptide, which leads to the loss of the enzymatic func-
tion [25–28]. The structural stability and enzymatic activity
of GST largely depends on the dimer formation. Many ami-
no acid substitutions have been introduced into the interac-
tion surface [29,30]. Although some of them successfully
stabilized the structure of the monomer, none of these mu-
tants so far could retain the enzymatic activity and could
not bind to glutathione [29,30]. Our result in Fig. 2 demon-
strated that the interaction between GST dimer on the cover
glass and glutathione on the cantilever retains the pulling
force up to 100 pN. In this system, it would not matter
whether the dissociation of glutathione from GST or the dis-
sociation of the dimer occurs ﬁrst, because, in either case,
the rupture force (100 pN) is strong enough to retain GST
fusion protein to the cantilever and to characterize most
of the protein–protein interactions. It may be useful to use
this cantilever to attach a protein dimer to the cantilever.
Thus, the glutathione-cantilever, together with the NTA-can-
tilever, is a useful tool for the single molecule force measure-
ment by AFM and will be applicable to a wide variety of
proteins.
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